Bone destruction occurs in aging and numerous diseases, including osteoporosis and cancer. Many cancer patients have bone osteolysis that is refractory to state-of-the-art treatments, which block osteoclast activity with bisphosphonates or by inhibiting the receptor activator of nuclear factor kB ligand (RANKL) pathway. We previously showed that macrophage-stimulating protein (MSP) signaling, which is elevated in about 40% of breast cancers, promotes osteolytic bone metastasis by activation of the MSP signaling pathway in tumor cells or in the bone microenvironment. We show that MSP signals through its receptor, RON tyrosine kinase, expressed on host cells, to activate osteoclasts directly by a previously undescribed pathway that is complementary to RANKL signaling and converges on protooncogene, non-receptor tyrosine kinase SRC (SRC). Genetic or pharmacologic inhibition of RON kinase blocked cancer-mediated bone destruction and osteoporosis in several mouse models. Furthermore, the RON kinase inhibitor BMS-777607/ASLAN002 altered markers of bone turnover in a first-in-human clinical cancer study, indicating the inhibitor's potential for normalizing bone loss in patients. These findings uncover a new therapeutic target for pathogenic bone loss and provide a rationale for treatment of bone destruction in various diseases with RON inhibitors.
INTRODUCTION
Bone-destructive pathological conditions cause significant morbidity in the United States. About 44 million Americans have osteoporosis, a condition of bone loss and structural weakness. Osteoporosis primarily affects postmenopausal women because of their low estrogen, and an estimated 50% of women over the age of 50 experience an osteoporosis-related fracture (1) . A less common but even more debilitating cause of osteolytic bone destruction is metastasis of certain cancers to bone, which affects 400,000 individuals annually (2) . Notably, more than 70% of metastatic breast cancer patients have bone metastasis. These lesions cause severe bone loss, resulting in profound pain, nerve compression, hypercalcemia, and debilitating fractures (3, 4) . Similar problems are seen in multiple myeloma, where about 90% of patients have bone lesions and 80% experience a pathological fracture as a result of bone loss despite treatment (5) .
Skeletal integrity is normally sustained by an equilibrium between bone resorption by osteoclasts and bone formation by osteoblasts. In conditions such as osteoporosis and osteolytic metastasis, bone destruction results from disruption in the balance between osteoclast and osteoblast activity. In metastasis, hyperactivated osteoclasts excessively resorb bone, releasing growth factors, such as transforming growth factor-b (TGFb), from the bone matrix into the bone-tumor microenvironment. Such factors can act on the tumor to drive growth and production of proteins such as parathyroid hormone-related peptide and interleukin-11, which stimulate receptor activator of nuclear factor kB ligand (RANKL) secretion by osteoblasts. RANKL is a key mediator of osteoclast differentiation and activity, thus completing a "vicious cycle" of bone resorption and tumor growth at sites of osteolytic metastasis (6, 7) .
Current treatments for bone loss include bisphosphonates and/or the RANKL antagonist denosumab. Bisphosphonates incorporate into the skeleton where they are taken up by osteoclasts during resorption, resulting in decreased osteoclast activity and reduced bone loss. Bisphosphonates are routinely used for clinical management of cancer metastasis, osteoporosis, and other forms of bone loss for which they reduce skeletal-related events, such as fractures, by about one-third, diminish pain, and increase quality of life (8) . Similar to bisphosphonates, denosumab also targets osteoclasts; however, its mechanism of action is to reduce osteoclast differentiation and function by blocking RANKL. In clinical testing, denosumab treatment significantly improved the onset of pain, time to skeletal-related events (about 18% improvement), and bone turnover markers compared to bisphosphonates (9, 10) . The most notable effects of denosumab to date have been in breast and prostate cancers (11) . However, in multiple myeloma patients, denosumab was not better at delaying time to skeletal-related events than the bisphosphonate zoledronic acid, and there was poorer survival in the group of patients who received denosumab (12) . Thus, denosumab is approved by the U.S. Food and Drug Administration (FDA) for treatment of osteoporosis and some, but not all, types of cancer involving bone.
Despite current therapies, 30 to 50% of patients with bone metastasis eventually progress to develop new bone lesions or serious skeletal complications (10) . Once cancer has metastasized to bone, it is generally incurable. So far, no significant improvement in disease progression or overall survival has been documented with denosumab (11) . However, successful normalization of bone turnover by treatment with the bisphosphonate zoledronic acid correlated with improved overall survival in a subset of metastatic cancer patients who had high baseline bone turnover (13) . Also, in mouse models, metastasis-induced bone destruction contributes to muscle wasting through altered growth factor signaling (14) . These studies suggest that better control of osteolysis may both improve quality of life and improve cancer outcomes. Together, as indicated by a recent multidisciplinary consensus conference (2), these issues highlight a large unmet clinical need to treat cancer patients with progressing bone metastasis, underlining the importance of identifying new therapies to control pathogenic osteoclast activation.
Recently appreciated for its role in bone metastasis is the macrophagestimulating protein [MSP; also known as human macrophage-stimulating 1 (MST1) or mouse hepatocyte growth factor-like protein (HGFL)] signaling pathway. MSP is the only known ligand for the RON receptor tyrosine kinase (also known as MST1R), and RON is one of only two members of a distinct receptor family that also includes c-MET (15) . RON is expressed by osteoclasts in vitro (16) (17) (18) and is present in bone tissues in vivo (19) . RON is also expressed in certain epithelial-derived cells (such as keratinocytes), in nociceptive neurons, and in resident tissue macrophages (19, 20) . To date, no functional role for RON has been demonstrated in osteoclasts, with the exception of two reports showing that stimulation of osteoclasts with MSP in vitro increases osteoclast activity, with no effect on proliferation (16, 21) . Thus, despite multiple lines of evidence that RON is expressed in mature osteoclasts, very little is known about MSP/RON function in these cells, and there are no published reports on MSP/RON function in bone in vivo.
We previously found that MSP overexpression in mouse mammary tumor cells led to spontaneous bone metastasis (22) , but the mechanisms facilitating this process are not known. RON overexpression in mammary tumors does not cause bone metastasis (23) , supporting a potential non-cell autonomous mechanism for MSP-driven bone metastasis. Here, we examine the role of MSP signaling through host RON in bone loss occurring during bone metastasis and osteoporosis, with the aim of identifying a possible therapeutic agent.
RESULTS

MSP causes osteolysis by non-cell autonomous activation of RON in metastasis models
We previously reported that MSP drives spontaneous osteolytic bone metastasis in the PyMT mouse mammary tumor model (22) . To investigate the mechanistic basis of MSP-mediated osteolysis, we injected PyMT control or MSP-expressing tumor cells into tibias of syngeneic wild-type (WT) mice or syngeneic mice in which the tyrosine kinase domain of Ron [also known as macrophage-stimulating 1 receptor (Mst1r) and stem cell-derived tyrosine kinase (Stk)] had been deleted from the genome (RON TK −/− mice) (24) . MSP-expressing tumor cells caused profound osteolysis in WT bones but very little osteolysis in RON TK −/− bones (Fig. 1, A and B) . Tumor growth and proliferation were not significantly different between WT and RON TK −/− hosts (fig. S1A), consistent with our previous work demonstrating that growth rates, proliferation, and apoptosis of these same tumors in the mammary gland are similar in WT and RON TK −/− hosts (25) . Thus, MSP-expressing tumor cells caused osteolysis through a non-cell autonomous mechanism that required the kinase activity of host RON. Similar results were obtained when a human breast cancer cell line (DU4475) that overexpresses (above mean-centered value) endogenous MSP [similar to our analysis of patient tumor samples (22) ] was injected into bones of WT or RON TK −/− mice [crossed with nonobese diabetic/severe combined immunodeficient (NOD.SCID) mice and then into the FVB genetic background] (Fig.  1C and fig. S1 , B and C). These data indicated that our findings were not restricted to mouse tumors or tumors engineered to overexpress MSP. These experiments also ruled out a role for T cells in MSPmediated osteolysis because NOD.SCID mice do not have functional T cells and T cells have been shown to influence osteoclast activity (26) . To begin to address how MSP-expressing tumor cells promote osteolysis, we evaluated osteoclast numbers in our intratibial tumor model to determine whether MSP increases osteoclastogenesis. Staining for the osteoclast marker tartrate-resistant acid phosphatase (TRAP) revealed no significant differences in osteoclast numbers between mice with control or MSP-expressing tumors, in either WT or RON TK −/− hosts ( fig. S2, A and B) . Osteoclast numbers were also not statistically different in WT and RON TK −/− NOD.SCID mice with DU4475 tumors (fig. S2, C and D) . These results suggested that the robust osteolysis caused by the MSP/RON pathway is likely mediated through increased osteoclast activity rather than through major differences in osteoclast numbers.
We next investigated whether any preexisting differences in RON TK −/− bones might contribute to protection from metastasis-mediated osteolysis. Osteoclast numbers, bone mineral density (BMD), and bone formation were assessed in normal, uninjected mice. Again, no significant differences in osteoclast numbers were observed in WT and RON TK −/− bones in either the immunocompetent FVB background ( fig. S3, A S4 , A and C). We also examined bones of mice completely lacking murine Ron/Stk through a different gene-targeting strategy (27) to ensure that a tyrosine kinase-independent function of RON was not contributing to bone formation. Again, no differences in bone histomorphometry were found between WT and Stk −/− mice ( fig. S4 , A, D, and E). Consistent with this, osteoclasts and chondrocytes, but not osteoblasts, expressed RON, as measured with immunostaining (fig. S4F) ; the MC3T3-E1 osteoblast cell line was also negative for RON expression ( fig. S4G ). These data suggested that general deficiencies in osteoclast numbers, bone structure, or bone formation were not responsible for amelioration of tumorinduced osteolysis in RON TK −/− hosts. Therefore, we tested the hypothesis that MSP-expressing tumors promote osteolysis through a RONdependent increase in osteoclast activity and asked whether RON inhibitors have therapeutic benefit for MSP-induced osteolysis.
Treatment with RON inhibitors blocks tumor-driven osteolysis
We tested whether pharmacologic inhibition of RON could protect against osteolysis using both mouse and human tumor models and two different small-molecule inhibitors that are selective for RON and MET (OSI-296 and BMS-777607/ASLAN002). OSI-296 is more selective for MET [median inhibitory concentration (IC 50 ): 42 nM for MET, 200 nM for RON (28) ], whereas BMS-777607/ASLAN002 is more selective for RON (IC 50 : 3.9 nM for MET, 1.8 nM for RON (29) ]. Treatment with either drug, beginning 3 days after tumor injection (pre-osteolysis), significantly inhibited bone destruction from murine PyMT-MSP tumors (Fig. 2 , A to D; pre-osteolysis panels). BMS-777607/ASLAN002 (but not OSI-296) also prevented the osteolysis caused by human DU4475 cells ( To test RON inhibitors in a more clinically relevant setting, we allowed osteolysis to develop until it could be detected by live animal x-ray and then started treatment (post-osteolysis). Although osteolysis in vehicle-treated mice continued, RON inhibition prevented further bone loss ( OSI-296, but not BMS-777607/ASLAN002, also significantly reduced tumor growth in the bone ( fig. S7 , A to C). These data suggest that certain RON/MET inhibitors may block tumor growth in addition to preventing osteolysis, although we speculate that the effect of OSI-296 on tumor growth might be due to the decreased specificity of OSI-296, as compared to BMS-777607/ASLAN002 (see Discussion) (28, 29) . These data also indicate that the strong inhibition of osteolysis by BMS-777607/ASLAN002 cannot be explained by an effect on tumor growth because BMS-777607/ASLAN002 was more effective than OSI-296 in blocking osteolysis but less effective than OSI-296 in reducing tumor growth.
MSP/RON signaling activates osteolysis independent of RANKL or TGFb signaling As discussed above, both RANKL and TGFb play major roles in osteoclast activation and the vicious cycle of tumor-bone interaction. Denosumab, a RANKL antagonist, is FDA-approved to treat bone metastasis and osteoporosis on the basis of its ability to decrease the development of skeletal-related events, such as fracture, in patients (10, 30, 31) . In mice, RON inhibition did not affect RANKL levels in the serum, suggesting that decreased osteolysis in RON TK −/− mice was not simply a result of a reduction in RANKL (Fig. 3A) . To directly test whether MSP-driven osteolysis is dependent on the RANKL pathway, we treated mice with the murine RANKL antagonist, muRANK-Fc, beginning 3 days after injection of tumor cells. The efficacy of muRANK-Fc treatment was confirmed by a marked reduction in TRAP expression (fig. S8, A and B). As expected from the existing literature (32, 33) , muRANK-Fc treatment decreased bone destruction by control PyMT tumors ( Fig. 3B and fig. S8C ), further demonstrating the effectiveness of muRANK-Fc treatment in our assays. Notably, muRANK-Fc treatment did not significantly affect the osteolysis associated with MSP-expressing tumor cells ( Fig. 3B and fig. S8C ). These data suggest that, although the RANKL antagonist is effective in our assays, MSP-mediated osteolysis occurs independently of RANKL signaling in the tumor setting in vivo. Furthermore, in this model of MSP-expressing breast cancer, RON inhibitors were more effective than the RANKL antagonist in blocking osteolysis (compare Figs. 2, A to D, and 3B).
To further investigate the hypothesis that MSP/RON stimulates RANKL-independent osteolysis, we used another human breast cancer model that was previously shown to be dependent on RANKL for osteolysis (MDA-MB-231). MDA-MB-231 cells do not express endogenous MSP at detectable levels ( fig. S9A) , and muRANK-Fc treatment was effective at reducing the osteolysis associated with control tumors (Fig. 3C and fig. S9B ), confirming data from previous work demonstrating that RANKL signaling promotes osteolysis associated with MDA-MB-231 tumors (32) . However, engineered expression of MSP in MDA-MB-231 cells ( fig. S9A ) led to a significant increase in osteolysis, which was not amenable to treatment with muRANK-Fc (Fig. 3C and fig. S9B ). In contrast, treatment with OSI-296 blocked MSP-mediated osteolysis (Fig. 3C  and fig. S9B ). These data again demonstrate that MSP-mediated osteolysis was not inhibited by RANKL signaling blockade in vivo and that RON inhibition was superior to RANKL inhibition in a second in vivo model.
Although most of the RANKL that contributes to osteoclast activity is thought to be derived from osteoblasts, some reports have indicated that tumor-derived RANKL can contribute to osteolysis (34) (35) (36) . We found that RANKL and MSP gene expression do not correlate in human breast tumors ( fig. S9C ), again suggesting that these two pathways can function independently. Because about 40% of human breast cancers overexpress MSP (22) , our data suggest that treatment with a combination of RANKL and RON inhibitors may be more effective than targeting RANK signaling alone (see Discussion).
We next investigated whether osteolysis downstream of MSP/RON signaling was dependent on TGFb released from osteolytic lesions and acting on tumor cells (6) . Although TGFb is an integral player in the vicious cycle with RANKL, RANKL-independent mechanisms of TGFb-mediated osteolysis have been reported (37) . We injected TGFb type II receptor (TGFbRII)-deficient PyMT tumor cells (38) with and without MSP expression into tibias of WT mice to test whether MSP/RON functionally interacts with the TGFb pathway to induce osteoclast activation. Although the absence of TGFb signaling in PyMT tumors did not significantly affect tumor growth ( fig. S9D ), basal levels of osteolysis caused by control tumors were reduced ( Fig.  3D and fig. S9E ). In contrast, MSP-overexpressing tumors caused robust osteolysis even in the absence of TGFbRII expression (Fig. 3D  and fig. S9E ). Together, this evidence suggests that, although the RANKL-TGFb portion of the vicious cycle is active in the PyMT model of bone metastasis in the absence of MSP, the expression of MSP triggers osteolysis through a mechanism that does not strictly depend on RANKL or TGFb.
MSP/RON signaling stimulates osteoclast activity through RANK-independent SRC phosphorylation To investigate how RON activation affects osteoclast function, we stimulated primary osteoclast cultures with recombinant MSP and measured their ability to resorb an artificial bone matrix. Addition of MSP to WT osteoclasts caused a significant increase in resorption and had no effect on RON TK −/− osteoclasts ( Fig. 4A and fig. S10A ). Notably, osteoclast differentiation appeared unaffected by the absence of functional RON signaling because RON TK −/− osteoclasts formed normally ( fig. S10B ). Similar to the results of our in vivo studies, MSP-mediated resorption was significantly reduced upon addition of the RON inhibitors BMS-777607/ASLAN002 or OSI-296 to osteoclast cultures (Fig. 4, B and C) . MSP-induced resorption in vitro and subsequent amelioration with RON inhibitor treatment is consistent with osteoclasts being the primary cell type mediating MSP-induced osteolysis in vivo.
In addition to its effect on osteoclast resorption, we also noted that MSP was sufficient to promote about a twofold increase in survival of mature osteoclasts upon withdrawal of RANKL ( fig. S10, C and D) . MSP-mediated survival was blocked by a small-molecule inhibitor of SRC kinases, known signaling mediators in osteoclasts ( fig. S10D ). To test whether MSP also has a role in osteoclast differentiation, we added MSP to osteoclast precursors at different time points in the absence of RANKL ( fig. S10, E and F) . Although we confirmed the requirement for RANKL for osteoclastogenesis [ fig. S10 , F and G (blue bars)], we found no evidence that MSP/RON can substitute for RANKL in osteoclast differentiation. Together, these data suggest that RON signaling is distinct from RANK signaling in osteoclasts because RON does not promote osteoclast differentiation. However, both RON and RANK signaling appear to contribute to osteoclast survival and activity through separate pathways that may converge on SRC kinases.
SRC is critical for osteoclast survival, motility, cytoskeletal reorganization, and bone resorption downstream of RANK (39) (40) (41) . We tested SRC phosphorylation in the presence or absence of MSP, with and without concomitant RANKL signaling. Addition of MSP to WT osteoclasts increased SRC phosphorylation at Y416, which was blocked by BMS-777607/ASLAN002 but not by muRANK-Fc (Fig. 4D) . In addition, SRC phosphorylation at Y527 was also observed after MSP treatment ( fig. S10H) .
In addition to SRC, osteoclasts in this model express the SRC family members FYN, HCK, LYN, and YES ( fig. S11, A to D) . Despite the expression of multiple SRC family members, we sought to determine whether SRC activation could rescue the poor resorptive activity of RON TK −/− osteoclasts. RON TK −/− osteoclast precursors were transduced with WT SRC, constitutively active SRC, or kinase-dead SRC mutants (42) . Expression of WT and kinase-dead SRC had no significant effect on osteoclast resorption; however, constitutively active SRC fully rescued resorption in RON TK −/− osteoclasts (Fig. 4E) . Increased resorption was a result of increased osteoclast activity, rather than an effect of SRC on survival, because no differences in osteoclast survival were observed in RON TK −/− cultures with constitutive SRC activation in the absence of RANKL ( fig. S10G ). Although these data do not rule out a role for other SRC family members in osteoclast resorption, they do indicate that SRC activation is sufficient to rescue resorption in RON TK −/− osteoclasts. Together, these in vivo and in vitro data support a model in which (i) MSP-expressing bone metastatic tumors activate RON on mature osteoclasts to promote both survival and bone resorption through a pathway separate from and parallel to RANK signaling and (ii) SRC kinase functions downstream of RON to promote osteolysis (Fig. 4F) .
RON inhibition reduces ovariectomy-induced osteoporosis
Pathways that control tumor-mediated osteolysis are also involved in other kinds of bone destruction. To investigate the role of MSP/RON in bone loss resulting from postmenopausal osteoporosis, we performed ovariectomies in WT and RON TK −/− mice and analyzed bone loss by dual-energy x-ray absorptiometry (DXA) and bone histomorphometry. As above, we observed no basal differences in bone density in WT and RON TK −/− mice under normal physiologic conditions (sham-operated controls) (Fig. 5, A to E) . After ovariectomy, WT mice displayed evidence of bone loss with significantly lower BMD than sham-operated controls; however, RON TK −/− mice were protected from bone loss (Fig. 5, A to E) . When WT mice were treated with BMS-777607/ASLAN002, loss of BMD after ovariectomy was completely prevented (Fig. 5, A 
to E).
The RON inhibitor BMS-777607/ASLAN002 reduces bone turnover in postmenopausal women Our preclinical in vivo and in vitro data suggest a role for RON in activating osteoclasts through a pathway parallel to RANK signaling and indicate that RON inhibitors may protect from bone loss. To determine whether our findings are translatable to humans, we asked whether BMS-777607/ASLAN002 could affect bone turnover in human subjects being treated with this drug in the context of a phase 1 clinical trial in cancer patients (NCT01721148). We reasoned that, regardless of cancer diagnosis and even in the absence of bone metastasis, RON inhibition might affect normal bone turnover, especially in postmenopausal women because of their high rate of bone loss. We examined plasma samples from phase 1 patients for evidence of bone turnover at baseline and after treatment with BMS-777607/ASLAN002 (table S1). We used a standard clinical test conducted at Associated Regional and University Pathologists Inc. Laboratories, a National Reference Laboratory, to detect cleaved bone-derived collagen in plasma [b-cross-linked C-telopeptide (CTX)]. These data showed that 13 of 21 (62%) of all subjects exhibited decreased CTX levels after treatment with BMS-777607/ASLAN002 for 15 to 28 days, and about two-thirds of those had a sufficient drop in CTX levels (≥25% reduction) to meet the Mayo Clinic guidelines (43) for response to bone antiresorptive therapies (Fig. 6A) . The best responses were seen in women (Fig. 6B ), where 9 of 11 (82%) women had decreases in CTX levels from baseline and 7 of 11 women (64%) showed ≥25% decrease (versus 1 of 10 men). In this analysis, all subjects except one were >50 years old; women older than 50 are expected to have the greatest amount of physiologic bone turnover, a result of menopause. None of the patients analyzed were treated concurrently with anti-osteoporotic agents. The decrease in CTX was accompanied by an increase in bone-specific alkaline phosphatase (BSAP) levels, a marker of osteoblast activity, suggesting bone repair (Fig. 6, C and D) . Note that these patients were not selected because of a diagnosis of bone metastasis; rather, we simply assessed markers of bone turnover in patients with various cancer diagnoses who participated in the phase 1 trial of BMS-777607/ ASLAN002. These correlative data, when considered together with our preclinical data from animal models and in vitro, indicate that inhibition of RON reduces osteoclast activity. These results provide a rationale for continued investigation of the use of RON inhibitors to treat bone destructive diseases such as osteolytic bone metastasis and osteoporosis.
DISCUSSION
Here, we identify RON signaling as a likely target for the treatment of pathogenic bone loss in the settings of breast cancer metastasis and osteoporosis. Using in vivo metastasis models and in vitro osteoclast assays, we demonstrate that MSP/RON signaling promotes osteoclast activation but not differentiation. This work demonstrates the potential for therapeutically targeting the RON pathway because two RON inhibitors blocked bone destruction in preclinical mouse models of bone metastasis and osteoporosis. One of the inhibitors, BMS-777607/ASLAN002, is currently being tested in humans as an anticancer agent. In phase 1 testing, BMS-777607/ ASLAN002 was safe and well tolerated by patients (44) . These patients showed significant improvement in bone turnover markers after 15 to 28 days of treatment with BMS-777607/ASLAN002, particularly postmenopausal women. Although uninformative about the effects of BMS-777607/ ASLAN002 on cancer progression, these data provide support for a role of RON in bone turnover in humans. Thus, future clinical trials to directly examine the effect of BMS-777607/ASLAN002 on bone health are warranted.
RON expression in differentiated osteoclasts and the marked increase in RON mRNA expression as pre-osteoclasts differentiate into osteoclasts in vitro have previously been demonstrated (17, 18) , along with the ability of MSP to stimulate osteoclast activity in vitro (16, 21) .
Our data now show how MSP/RON signaling promotes osteoclast activity and that RON functions in osteoclasts in vivo. In addition to demonstrating a role for RON in MSP-induced osteolysis in models of breast cancer bone metastasis, our data reveal a role for RON in osteoporosis. Although how RON signaling leads to increased osteolysis in ovariectomized animals is unknown, possible explanations that warrant further investigation include increasing levels of active MSP after ovarian hormone withdrawal or increasing sensitivity of osteoclasts to MSP through up-regulation of RON. Our in vivo and in vitro data collectively show that RON activation by MSP stimulates survival and bone resorption in mature osteoclasts through activation of SRC signaling, even in the absence of functional RANKL. We observed increased phosphorylation of SRC at both the activating site (Y416) and the inactivating site (Y527). Induction of SRC phosphorylation at both tyrosine phosphorylation sites, as well as activated SRC signaling in the absence of reduced phosphorylation at Y527, has been observed by others (45-47) and likely reflects heterogeneity among the cells. In our studies, the dominant functional effect of RON was an overall increase in SRC activity, evidenced by a decrease in downstream SRC signaling after RON inhibition and our observation that constitutively activated SRC rescued resorption in osteoclasts lacking RON kinase activity. Whether RON kinase activity in osteoclasts activates SRC through direct phosphorylation or indirectly through c-SRC tyrosine kinase (CSK) or the regulation of additional kinases remains to be determined. SRC is responsible for several critical functions in osteoclasts, including cytoskeletal reorganization and ruffled border formation, thereby regulating the ability of osteoclasts to resorb bone (40) . Deletion of SRC in mice leads to severe osteopetrosis, despite the presence of mature osteoclasts, indicating that the disease develops due to a defect in osteoclast function and not a lack of differentiation (39) . Similarly, RON TK −/− mice contain normal numbers of osteoclasts and normal BMD but have defective osteoclast function under disease conditions. This points toward the MSP/RON pathway having a role in the activation of mature osteoclasts, without affecting differentiation, and distinguishes the MSP/RON pathway from others, such as RANKL, that execute a combined effect on both differentiation and activity. Our in vitro studies confirmed that osteoclasts can also express the SRC family members FYN, HCK, LYN, and YES (48) (49) (50) (51) (52) (53) . Similar to SRC, HCK and FYN positively regulate osteoclast function (49, 51) , whereas LYN negatively regulates osteoclastogenesis (52, 53) . To our knowledge, a specific role for YES in osteoclast differentiation/function has not been previously described. Although constitutively active SRC fully rescued resorption in RON TK −/− osteoclasts, the phospho-SRC antibodies used in our studies do not discriminate among SRC family members, and we cannot rule out contribution of the other SRC family kinases. Thus, future work will be directed toward further understanding the signaling mechanisms downstream of RON in osteoclasts and how RON activation leads to increased osteoclast resorption.
Although we propose a model in which MSP-induced osteolysis occurs downstream of RON activation on osteoclasts independent of RANK signaling, neither our in vivo preclinical studies using wholebody deletion of RON tyrosine kinase activity in mice nor our human clinical data definitively identify osteoclast RON as the sole mediator of MSP-induced osteolysis. In addition, although enriched for osteoclasts, the in vitro model used here contains a heterogeneous population of cells; therefore, our studies do not rule out the contribution of other cell types known to express RON, such as macrophages. The potential role of these other cell types in MSP-induced osteolysis can be tested in future studies by using cell-specific RON knockout models. Furthermore, although the marked reduction in the number of TRAP + osteoclasts after muRANK-Fc treatment in vivo suggests that RANK signaling is effectively blocked in these studies, the inhibitor studies do not directly rule out residual RANK activity that could contribute to MSP-mediated osteolysis. The role of RANKL/RANK signaling can be further evaluated with knockout strategies. Despite the mechanistic questions still remaining, the studies described here identify host RON as a mediator of osteolytic bone disease and demonstrate the potential for RON inhibitors in the treatment of pathologic bone destruction.
Inhibiting the RON pathway can be achieved through pharmacologic inhibition of its tyrosine kinase activity, either directly with small-molecule inhibitors or indirectly with ligand-blocking antibodies (54); however, RON has multiple isoforms that function in a ligandindependent manner, which would not be inhibited by ligand-blocking antibodies. Although several small-molecule kinase inhibitors are selective for RON, most also inhibit related kinases such as MET. Several of these are being developed as potential anticancer agents, and the RONselective BMS-777607/ASLAN002 compound has just been tested in a phase 1 clinical trial for metastatic cancer (NCT01721148). Here, we show that two small-molecule inhibitors for RON/MET, including BMS-777607/ASLAN002, block osteolysis in several preclinical models. The blockade of osteolysis phenocopied our observations in RON TK −/− mice, indicating that the effect is likely through RON inhibition, rather than through an effect on a related kinase or an off-target effect. In addition to blocking osteolysis, OSI-296 also reduced tumor burden, but this effect was not observed with BMS-777607/ASLAN002 or in RON TK −/− mice. Thus, decreased tumor size in the presence of OSI-296 might be due to inhibition of other kinases, rather than inhibition of RON signaling, because OSI-296 is less specific for RON than BMS-777607/ASLAN002.
For our cancer studies, we focused on breast cancer because it is the most common cause of osteolytic bone metastasis. MSP is overexpressed in about 40% of breast cancers (22) , indicating a substantial number of patients whose tumors potentially stimulate RON in the microenvironment of bone metastasis. Consistent with this, examination of bone reamings from breast cancer patients undergoing surgery to stabilize bones in areas of metastasis revealed positive MSP expression in four of six samples containing metastatic tumor cells ( fig. S12) .
A survey of Oncomine revealed that MSP is not overexpressed in many cancer types but is selectively overexpressed in two other cancers that also cause osteolytic bone metastasis: multiple myeloma ( fig. S13A ) and lung cancer ( fig. S13B) . Therefore, RON inhibitors may be useful to treat osteoporosis and bone loss in several forms of cancer. Our data demonstrate in several models that the MSP/RON pathway can promote activation of mature osteoclasts independently of RANKL signaling, indicating that current standard therapies for bone metastasis that target the RANKL pathway may not fully block osteolysis in patients with MSP-overexpressing tumors. Combination treatment with RON inhibitors and other modulators of osteoclast activity, such as denosumab or bisphosphonates, may be more effective than current treatment strategies alone. In addition, it will be important to test whether MSP expression levels can predict which patients will experience progression of osteolytic metastasis while being treated with denosumab and which patients will respond best to BMS-777607/ ASLAN002 treatment. The results from two phase 1 clinical trials in oncology using RON inhibitors will be informative (NCT01721148 and NCT01119456).
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